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1
SEMICONDUCTOR DEVICE AND
MANUFACTURING METHOD THEREOF

TECHNICAL FIELD

One embodiment of the invention disclosed herein relates
to a semiconductor device and a manufacturing method
thereof.

BACKGROUND ART

In recent years, a technique in which transistors are manu-
factured using an oxide semiconductor and applied to elec-
tronic devices or optical devices has attracted attention. For
example, Patent Document 1 discloses a technique in which a
transistor is formed using an In—Ga—Z7n-based oxide as an
oxide semiconductor to manufacture a display device using
the transistor.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2008-141119

DISCLOSURE OF INVENTION

In a transistor in which a channel formation region is
formed in an oxide semiconductor layer (hereinafter referred
to as an “oxide semiconductor transistor”), water or hydrogen
may enter the oxide semiconductor layer from the outside. If
heat treatment is performed on the oxide semiconductor layer
which water or hydrogen has entered, hydrogen is diffused
into the oxide semiconductor layer. In the oxide semiconduc-
tor layer, part of hydrogen serves as a donor to release elec-
trons as carriers. When the carrier concentration in the oxide
semiconductor layer becomes high, a channel is formed in the
oxide semiconductor transistor without voltage application to
a gate electrode. That is, the oxide semiconductor layer
becomes an n-type oxide semiconductor layer. In such an
oxide semiconductor transistor, in the case where the length
of a channel formation region (hereinafter referred to as a
“channel length 1) is short, there is a possibility that a
sufficient on/off ratio cannot be obtained, that is, drain current
is constant regardless of gate voltage applied to a gate elec-
trode, or that the ratio of the drain current when the oxide
semiconductor transistor is turned off to the drain current
when the oxide semiconductor transistor is turned on is not
sufficient to serve as a transistor.

In manufacturing of the oxide semiconductor transistor,
heat treatment is needed to improve characteristics of an
oxide semiconductor transistor, and the like. However, if heat
treatment is performed on the oxide semiconductor layer
which water or hydrogen has entered, hydrogen is diffused
into the oxide semiconductor layer, the diffused hydrogen
reacts with oxygen in the oxide semiconductor layer, so that
oxygen in the oxide semiconductor layer is extracted. The
oxide semiconductor layer from which oxygen has extracted
becomes an n-type oxide semiconductor layer. Accordingly,
the oxide semiconductor transistor does not have a sufficient
on/off ratio.

Further, miniaturization of an oxide semiconductor tran-
sistor used for an electronic device or an optical device is
needed. The channel length I needs to be short in order to
miniaturize the oxide semiconductor transistor; however, as
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mentioned above, a short channel length [. may raise the
possibility that a sufficient on/off ratio cannot be obtained.

The oxide semiconductor transistor in which a sufficient
on/off ratio cannot be obtained does not function as, for
example, a switching element. Thus, reliability of an elec-
tronic device or an optical device formed by using the oxide
semiconductor transistor in which a sufficient on/off ratio
cannot be obtained might be decreased.

In view of the above, an object of one embodiment of the
disclosed invention is to prevent an oxide semiconductor
transistor with a short channel length L from having a low
on/off ratio.

One embodiment of the disclosed invention relates to a
semiconductor device including an oxide semiconductor
layer; a gate insulating film provided over the oxide semicon-
ductor layer; a gate electrode over a channel formation region
of'the oxide semiconductor layer with the gate insulating film
provided therebetween; and a source eclectrode or a drain
electrode provided over a first region of the oxide semicon-
ductor layer. In the semiconductor device, a second region is
provided between the channel formation region and the first
region and an upper layer of the second region includes a
microvoid.

One embodiment of the disclosed invention relates to a
semiconductor device including an oxide semiconductor
layer; a gate insulating film provided over the oxide semicon-
ductor layer; a gate electrode over a channel formation region
of'the oxide semiconductor layer with the gate insulating film
provided therebetween; and a source eclectrode or a drain
electrode provided over a first region of the oxide semicon-
ductor layer. In the semiconductor device, a second region is
provided between the channel formation region and the first
region and an upper layer of the second region contains nitro-
gen.

One embodiment of the disclosed invention relates to a
semiconductor device including an oxide semiconductor
layer; a gate insulating film provided over the oxide semicon-
ductor layer; a gate electrode over a channel formation region
of'the oxide semiconductor layer with the gate insulating film
provided therebetween; and a source eclectrode or a drain
electrode provided over a first region of the oxide semicon-
ductor layer. In the semiconductor device, a second region is
provided between the channel formation region and the first
region and an upper layer of the second region contains more
nitrogen than a lower layer of the second region.

Nitrogen is added to the upper layer of the second region at
a high dose, whereby a microvoid is formed. Hydrogen from
external air or an insulating film is adsorbed to the inner wall
of the microvoid.

The microvoid has a low density compared with the sur-
rounding thereof, or an empty space. The microvoid is sub-
stantially a spherical region where the diameter is larger than
or equal to 0.1 nm and smaller than or equal to 10 nm,
preferably larger than or equal to 2 nm and smaller than or
equal to 7 nm, or a region where a plurality of spherical
regions overlaps each other.

As described above, when hydrogen from the outside is
diffused and reacts with oxygen in the oxide semiconductor
layer, oxygen is extracted from the oxide semiconductor
layer. When oxide is extracted from the oxide semiconductor
layer, an oxide semiconductor transistor having a low on/off
ratio is obtained. Note that when hydrogen is adsorbed to the
inner wall of the microvoid, oxygen is not extracted from the
oxide semiconductor layer.

In the case of an oxide semiconductor transistor including
such an oxide semiconductor layer in which hydrogen is
adsorbed to the inner wall of the microvoid and from which
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oxygen is not extracted, the oxide semiconductor transistor is
prevented from having a low on/off ratio.

As described above, the provision of a microvoid in the
oxide semiconductor layer enables the oxide semiconductor
transistor to have a sufficient on/off ratio. However, the for-
mation of the microvoid makes the on-state current of the
oxide semiconductor transistor low.

Meanwhile, the microvoid is not formed in the first region
and the lower layer of the second region if nitrogen is added
so that the first region and the lower layer of the second region
are regions without nitrogen, or regions containing nitrogen
at an extremely low concentration compared with the upper
layer of the second region. Thus, the lower layer of the second
region is provided to prevent the on-state current of the oxide
semiconductor transistor from decreasing.

In one embodiment of the disclosed invention, the concen-
tration of nitrogen in the upper layer of the second region is
1x10*' cm™ or more.

Further, in one embodiment of the disclosed invention,
instead of nitrogen, oxygen may be added to the oxide semi-
conductor layer. Also in the case where oxygen is added to the
oxide semiconductor layer, a microvoid is formed in the oxide
semiconductor layer. As in the case of adding nitrogen,
hydrogen is adsorbed to the inner wall of the microvoid; thus,
oxygen is not extracted from the oxide semiconductor layer.
The oxide semiconductor transistor using the oxide semicon-
ductor layer to which oxygen is added instead of nitrogen has
a sufficient on/off ratio similarly to the case where nitrogen is
added.

One embodiment of the disclosed invention relates to a
semiconductor device including an oxide semiconductor
layer; a gate insulating film provided over the oxide semicon-
ductor layer; a gate electrode over a channel formation region
of'the oxide semiconductor layer with the gate insulating film
provided therebetween; and a source electrode or a drain
electrode provided over a first region of the oxide semicon-
ductor layer. In the semiconductor device, an upper layer of a
second region between the channel formation region and the
first region contains more oxygen than a lower layer of the
second region.

In one embodiment of the disclosed invention, the concen-
tration of oxygen in the upper layer of the second region is
1x10*' cm™ or more.

In one embodiment of the disclosed invention, the upper
layer of the second region includes a microvoid.

One embodiment of the disclosed invention relates to a
method for manufacturing a semiconductor device, including
the steps of forming an oxide semiconductor layer; forming a
source electrode or a drain electrode over a first region of the
oxide semiconductor layer; forming a gate electrode to over-
lap with a channel formation region of the oxide semiconduc-
tor layer with a gate insulating film provided therebetween;
adding nitrogen to an upper layer of a second region between
the first region and the channel formation region; and heating
the oxide semiconductor layer including the upper layer of
the second region to which nitrogen is added.

In one embodiment of the disclosed invention, a dose of
nitrogen is 5x10'® cm™ or more.

One embodiment of the disclosed invention relates to a
method for manufacturing a semiconductor device, including
the steps of forming an oxide semiconductor layer; forming a
source electrode or a drain electrode over a first region of the
oxide semiconductor layer; forming a gate electrode to over-
lap with a channel formation region of the oxide semiconduc-
tor layer with a gate insulating film provided therebetween;
adding oxygen to an upper layer of a second region between
the first region and the channel formation region; and heating
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the oxide semiconductor layer including the upper layer of
the second region to which oxygen is added.

In one embodiment of the disclosed invention, a dose of
oxygen is 5x10'° cm™ or more.

According to one embodiment of the disclosed invention,
an oxide semiconductor transistor with a short channel length
L can have a sufficient on/off ratio.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross-sectional view of a semiconductor device.

FIGS. 2A to 2D are cross-sectional views showing a
method for manufacturing a semiconductor device.

FIGS. 3A to 3D are cross-sectional views showing a
method for manufacturing a semiconductor device.

FIGS. 4A and 4B each show a nitrogen concentration pro-
file.

FIGS. 5A to 5D are TEM photographs of a cross section of
an oxide semiconductor layer.

FIGS. 6A to 6H each show a relation between gate voltage
and drain current.

FIGS. 7A to 7D each show a relation between gate voltage
and drain current.

FIGS. 8A to 8E each show a structure of an oxide material.

FIGS. 9A to 9C each show a structure of an oxide material.

FIGS. 10A to 10C each show a structure of an oxide mate-
rial.

FIGS. 11A and 11B are cross-sectional views showing a
method for manufacturing a semiconductor device.

FIG. 12 is a cross-sectional view showing a method for
manufacturing the semiconductor device.

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiments of the invention disclosed in this specifica-
tion will be hereinafter described with reference to the accom-
panying drawings. Note that the invention disclosed in this
specification can be carried out in a variety of different
modes, and it is easily understood by those skilled in the art
that the modes and details of the invention disclosed in this
specification can be changed in various ways without depart-
ing from the spirit and scope thereof. Therefore, the present
invention is not construed as being limited to description of
the embodiments and example. Note that, in the drawings
hereinafter shown, the same portions or portions having simi-
lar functions are denoted by the same reference numerals, and
repeated description thereof will be omitted.

Note that in the invention disclosed in this specification, a
semiconductor device refers to an element or a device which
functions by utilizing a semiconductor and includes, in its
category, an electric device including an electronic circuit, a
display device, a light-emitting device, and the like and an
electronic appliance on which the electric device is mounted.

Note that the position, size, range, or the like of each
structure shown in the drawings and the like is not accurately
represented in some cases for easy understanding. Therefore,
the disclosed invention is not necessarily limited to the posi-
tion, size, range, or the like as disclosed in the drawings and
the like.

In this specification and the like, ordinal numbers such as
“first”, “second”, and “third” are used in order to avoid con-
fusion among components, and the terms do not mean limi-
tation of the number of components.
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[Embodiment 1]
(Structure of Oxide Semiconductor Transistor)

FIG. 1 shows a structure of an oxide semiconductor tran-
sistor of this embodiment. An oxide semiconductor transistor
201 shown in FIG. 1 includes a base insulating film 202 over
a substrate 200, an oxide semiconductor layer 203 formed
over the base insulating film 202 and functioning as an active
layer, electrodes 204a and 2045 formed over the oxide semi-
conductor layer 203 and functioning as a source electrode and
a drain electrode, a gate insulating film 206 formed over the
oxide semiconductor layer 203 and the electrodes 204a and
2045, and a gate electrode 207 provided to overlap with the
oxide semiconductor layer 203 with the gate insulating film
206 provided therebetween.

The oxide semiconductor transistor 201 shown in FIG. 1 is
of'atop-gate type where the gate electrode 207 is formed over
the oxide semiconductor layer 203, and is also of a top-
contact type where the electrodes 204a and 2045 functioning
as the source electrode and the drain electrode are formed
over the oxide semiconductor layer 203.

Regions 208a and 2085 where the electrodes 204a and
2045 overlap with the oxide semiconductor layer 203 func-
tion as a source region and a drain region.

In the oxide semiconductor transistor 201, the electrodes
204a and 2045 do not overlap with the gate electrode 207. In
regions of the oxide semiconductor layer 203, which are
positioned between the electrodes 204a and 2045 and the gate
electrode 207, regions 211a and 21154 are formed. The region
211a includes an upper layer 211au and a lower layer 211a/,
and the region 2115 includes an upper layer 211bu and a
lower layer 2115/. The upper layers 211au and 211bu each
contain nitrogen, whereas the lower layers 211a/ and 2115/
do not contain nitrogen or contain nitrogen at a concentration
which is extremely low compared with the upper layers
211au and 211bu. The concentration of nitrogen in each of the
upper layers 211au and the 211bu is preferably 1x10** cm™>
or more.

Nitrogen is added to the upper layers 211au and 211bu at a
high dose. By the addition of nitrogen at a high dose, a
nano-sized microvoid is formed. A plurality of microvoids is
formed in a region of the oxide semiconductor layer 203 to
which nitrogen is added.

The microvoid has a low density compared with the sur-
rounding thereof or an empty space. The microvoid is sub-
stantially a spherical region where the diameter is larger than
or equal to 0.1 nm and smaller than or equal to 10 nm,
preferably larger than or equal to 2 nm and smaller than or
equal to 7 nm, or a region where a plurality of spherical
regions overlaps each other.

As described above, when hydrogen from the outside is
diffused into the oxide semiconductor layer 203, the hydro-
gen reacts with oxygen in the oxide semiconductor layer 203
and oxygen is extracted from the oxide semiconductor layer
203. When oxygen is extracted from the oxide semiconductor
layer 203, the oxide semiconductor transistor has a low on/off
ratio. However, if hydrogen is adsorbed to the inner walls of
the microvoids, oxygen is not extracted from the oxide semi-
conductor layer 203.

As described above, the oxide semiconductor transistor
201 including an oxide semiconductor layer 203 in which
hydrogen is adsorbed to the inner walls of the microvoids and
from which oxygen is not extracted becomes a transistor with
a sufficient on/off ratio.

When nitrogen is added to the oxide semiconductor layer
203, accelerating voltage is controlled so that nitrogen is not
added to the lower layers 211a/ and 2114/. That is, the lower
layers 211a/ and 2115/ are regions which do not contain
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nitrogen or regions which contain nitrogen at a concentration
which is extremely low compared with the upper layers
211au and 211bu.

The microvoids are provided in the oxide semiconductor
layer 203 as described above, so that an oxide semiconductor
transistor with a sufficient on/off ratio can be formed. How-
ever, on-state current of the oxide semiconductor transistor
201 is reduced by the formation of the microvoids.

Nitrogen is not added to the lower layers 2114/ and 2115/,
whereby microvoids are not formed therein. Thus, the
decrease in on-state current can be suppressed by the forma-
tion of the lower layers 211a/ and 2115/.

Further, microvoids can be formed in the upper layers
211au and 211bu by addition of oxygen to the upper layers
211au and 211bu instead of nitrogen.

As described above, hydrogen from external air or an insu-
lating film is adsorbed to the inner walls of the microvoids by
the formation of microvoids in the upper layers 211au and
211bu. Further, oxygen is not extracted from the oxide semi-
conductor layer 203 by the adsorption of hydrogen to the
inner walls of the microvoids. Thus, the oxide semiconductor
transistor 201 including such an oxide semiconductor layer
203 becomes an oxide semiconductor transistor with a suffi-
cient on/off ratio similarly to the case where nitrogen is
added.

The concentration of oxygen in each of the upper layers
211au and the 211bu is preferably 1x10** cm™ or more.

Further, the oxide semiconductor layer 203 may include a
c-axis aligned crystalline oxide semiconductor (CAAC-OS).
In the case where the oxide semiconductor layer 203 includes
the CAAC-OS, the conductivity of the oxide semiconductor
layer 203 can be increased as compared with the case of an
amorphous semiconductor; thus, the resistance between the
electrode 2044 and the electrode 2045 can be decreased. Note
that a CAAC-OS is described below.

In FIG. 1, an insulating film 212 is formed to cover the
oxide semiconductor transistor 201. A wiring 213 electrically
connected to the electrode 204q, a wiring 214 electrically
connected to the electrode 2045, and a wiring 215 electrically
connected to the gate electrode 207 are formed over the
insulating film 212.
<Method for Manufacturing Oxide Semiconductor Transis-
tor>

A method for manufacturing the oxide semiconductor tran-
sistor 201 shown in FIG. 1 is described below.

First, the base insulating film 202 is formed over the sub-
strate 200. In this embodiment, a glass substrate is used as the
substrate 200 and a silicon oxide film is used as the base
insulating film 202.

An oxide semiconductor film is formed over the base insu-
lating film 202, and the oxide semiconductor film is processed
by etching or the like so that the oxide semiconductor layer
203 having an island shape is formed (see FIG. 2A). Note that
the details of a material for the oxide semiconductor layer 203
are described later. The oxide semiconductor film is formed
s0 as to have enough thickness to form the upper layers to
which nitrogen is added in a later step and lower layers to
which nitrogen is not added. The thickness of the oxide semi-
conductor film is, for example, greater than or equal to 20 nm
and less than or equal to 100 nm, preferably greater than or
equal to 40 nm and less than or equal to 80 nm.

The electrodes 204a and 2045 are formed so as to each
overlap with part of the oxide semiconductor layer 203. As a
material for the electrodes 204a and 20454, for example, a
stacked film in which a titanium film, an aluminum film, and
a titanium film are formed in this order is used.
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A region where the oxide semiconductor layer 203 over-
laps with the electrode 204a is the region 2084, and a region
where the oxide semiconductor layer 203 overlaps with the
electrode 20454 is the region 2086 (see FIG. 2B). The regions
208a and 2085 function as a source region and a drain as
described above.

Next, the gate insulating film 206 is formed to cover the
base insulating film 202, the oxide semiconductor layer 203,
and the electrodes 204a and 2045. As the gate insulating film
206, for example, a silicon oxide film is used.

Next, the gate electrode 207 is formed over a region of the
oxide semiconductor layer 203, which does not overlap with
the electrodes 204a and 2045, with the gate insulating film
206 provided therebetween (see FIG. 2C). As the gate elec-
trode 207, for example, a stacked film of a tantalum nitride
film and a tungsten film is used. A region of the oxide semi-
conductor layer 203, which overlaps with the gate electrode
207, is a channel formation region 209. A region between the
region 208a and the channel formation region 209 is the
region 211a, and a region between the region 2085 and the
channel formation region 209 is the region 2115. The regions
211a and 2115 do not overlap with the gate electrode 207, and
the electrodes 204a and 2045.

Next, nitrogen 210 is added to the oxide semiconductor
layer 203 (see FIG. 2D). The nitrogen 210 is added under
conditions where the dose is high and the accelerating voltage
is low. When the nitrogen 210 is added to the oxide semicon-
ductor layer 203, the gate electrode 207 and the electrodes
204a and 2045 each serve as a mask.

By the addition of the nitrogen 210 under such conditions,
the upper layer 211au in the region 211a and the upper layer
211bu in the region 2115 can be high-concentration nitrogen-
containing regions.

As described above, the oxide semiconductor transistor
201 can be manufactured (see FIG. 11A).

After the nitrogen 210 is added, the insulating film 212 is
formed to cover the substrate 200, the base insulating film
202, the oxide semiconductor layer 203, the electrodes 204a
and 20454, the gate insulating film 206, and the gate electrode
207 (see FIG. 11B). After the formation of the insulating film
212, heat treatment is performed. In this embodiment, heat
treatment is performed at 450° C.

As described above, when the nitrogen 210 is added to the
upper layers 211 au and 211bu, microvoids are formed in the
upper layers 211au and 211bu. A plurality of microvoids is
formed in the regions (the upper layers 211au and 211bu) of
the oxide semiconductor layer 203, to which nitrogen 210 is
added.

FIGS. 5A to 5D are TEM photographs of a cross section of
an oxide semiconductor layer (magnification: 4000,000
times). In order to confirm the formation of microvoids,
whether to add nitrogen and the dose of nitrogen are changed.

InFIGS. 5A to 5D, a silicon nitride film containing oxygen
is formed with a thickness of 300 nm as the base insulating
film 202, and an In—Ga—Zn-based oxide film (also referred
to as an IGZO film) is formed with a thickness of 30 nm as the
oxide semiconductor layer 203 over the base insulating film
202. After the formation of the base insulating film 202 and
the oxide semiconductor layer 203, heat treatment is per-
formed at 450° C. for one hour in a nitrogen atmosphere.

FIG. 5A is a TEM photograph of the cross section of the
oxide semiconductor layer 203 to which nitrogen is not
added. FIG. 5B is a TEM photograph of the cross section of
the oxide semiconductor layer 203 to which nitrogen is added
atadose of 1x10"> cm™2. FIG. 5C is a TEM photograph of the
cross section of the oxide semiconductor layer 203 to which
nitrogen is added at a dose of 1x10"® cm™2. FIG. 5D isa TEM
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photograph of the cross section of the oxide semiconductor
layer 203 to which nitrogen is added at a dose of 5x10*° cm™2.
Note that nitrogen is added at an accelerating voltage of 20
kV.

FIGS. 5A to 5D show that microvoids are formed in the
oxide semiconductor layer 203 when nitrogen is added at a
dose of 5x10'° cm™2 (see FIG. 5D).

Thus, it is preferable that nitrogen be added at a dose of
5x10'® cm™ so that the microvoids are formed in the oxide
semiconductor layer 203.

When oxygen is extracted from the oxide semiconductor
layer 203, the oxide semiconductor transistor has a low on/off
ratio. However, if hydrogen is adsorbed to the inner walls of
the microvoids, hydrogen does not react with oxygen, so that
water and the like are not formed; thus, oxygen is not
extracted from the oxide semiconductor layer 203.

As described, the oxide semiconductor transistor 201
including the oxide semiconductor layer 203 in which hydro-
gen is adsorbed to the inner walls of the microvoids and from
which oxygen is not extracted becomes a transistor with a
sufficient on/off ratio.

The lower layer 2114/ in the region 211a and the lower
layer 2115/ in the region 2115 are regions which do not
contain nitrogen or regions which contain nitrogen at a con-
centration which is extremely low compared with the upper
layers 211au and 211bu.

The microvoids are provided in the oxide semiconductor
layer 203 as described above, so that an oxide semiconductor
transistor with a sufficient on/off ratio can be formed. How-
ever, when the microvoids are formed, on-state current of the
oxide semiconductor transistor 201 in which a current path-
way has cut is reduced.

Nitrogen is not added to the lower layers 2114/ and 2115/,
whereby microvoids are not formed therein. Thus, the
decrease in the on-state current can be suppressed by the
formation of the lower layers 211a/ and 2115/

Note that a metal film, a metal oxide film, a metal nitride
film, or the like may be formed over the oxide semiconductor
layer 203 so that nitrogen is not added to the lower layers
211al and 2115/ of the oxide semiconductor layer 203. In the
case where the metal film, the metal oxide film, the metal
nitride film, or the like is formed, nitrogen is added to the
oxide semiconductor layer 203 through the film. Accordingly,
nitrogen does not reach the lower layers 211a/ and 2114/,
thus, nitrogen can be prevented from being added to the lower
layers 211a/ and 21151.

Next, contact holes which reach the electrode 204a, the
electrode 2045, and the gate electrode 207 are formed in the
insulating film 212. Next, the wiring 213, the wiring 214, and
the wiring 215 which are electrically connected to the elec-
trode 204a, the electrode 2045, and the gate electrode 207,
respectively through the contact holes are formed over the
insulating film 212 (see FIG. 1).

Further, as described above, microvoids are formed in the
oxide semiconductor layer 203 also in the case where oxygen
is added to the oxide semiconductor layer 203 instead of
nitrogen. Similarly to the case where nitrogen is added, oxy-
gen is not extracted from the oxide semiconductor layer 203
to which oxygen is added. Thus, the oxide semiconductor
transistor 201 including the oxide semiconductor layer 203 to
which oxygen is added becomes an oxide semiconductor
transistor with a sufficient on/off ratio similarly to the case
where nitrogen is added. Note that it is preferable that oxygen
be added at a dose of 5x10'¢ cm™2 or more similarly to the
case where nitrogen is added.
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<Another Structural Example of Oxide Semiconductor Tran-
sistor and Manufacturing Method Thereof>

In the oxide semiconductor transistor 201, the lower layers
211al and 2115/ are regions which do not contain nitrogen or
regions which contain nitrogen at a concentration which is
extremely low compared with the upper layers 211au and
211bu.

The lower layers 211a/ and 2115/ may contain nitrogen at
such a dose that microvoids are not formed. When the lower
layers 211al and 2115/ contain nitrogen, the lower layers
211al and 2115/ become n-type regions, so that on-state cur-
rent easily flows.

Description is given on a method for manufacturing the
oxide semiconductor transistor 221 in which the lower layers
211al and 2115/ are low-concentration nitrogen-containing
regions.

First, the steps up to the addition of the nitrogen 210 are
performed according to the steps shown in FIGS. 2A to 2D
(see FIG. 3A). Note that FIG. 3A corresponds to FIG. 2D.
Accordingly, the upper layers 211au and 2115u become high-
concentration nitrogen-containing regions (see FIG. 3B).
Note that the addition of the nitrogen 210 shown in FIG. 3A
is a first addition.

Next, the nitrogen 210 is added to the oxide semiconductor
layer 203 again (second addition) (see FIG. 3C). The second
addition of the nitrogen 210 is performed under the condition
where the dose of the second addition is lower than that of the
first addition. Further, the second addition of the nitrogen 210
is performed at a higher accelerating voltage than the first
addition so that the nitrogen 210 reaches the lower layers
211al and 21151

By the second addition of the nitrogen 210, the lower layers
211al and 2115/ become low-concentration nitrogen-con-
taining regions (see FIG. 3D), whereby on-state current easily
flows.

An example is illustrated in which, with reference to FIGS.
3A to 3D, the upper layers 211au and 211bu that are high-
concentration nitrogen-containing regions and the lower lay-
ers 211a/ and 2115/ that are low-concentration nitrogen-con-
taining regions are formed by the addition of nitrogen twice;
however, the present invention is not limited thereto. By
adjustment of a concentration profile in the first addition of
nitrogen, nitrogen is also added to the lower layers 211a/ and
211561

FIG. 4A shows a concentration profile of nitrogen that is
added. As shown in FIG. 4A, the concentration of nitrogen
increases with respect to the depth at first and has the maxi-
mum value at predetermined depth D1. As the depth becomes
greater than D1, the concentration of nitrogen decreases
gradually.

FIG. 4B shows a concentration profile of nitrogen in the
upper layer 211bu and the lower layer 2115/ when nitrogen is
added at a high accelerating voltage.

As shown in FIG. 4B, the upper layer 2115« has the maxi-
mum value of nitrogen concentration. In the lower layer
2115/, the nitrogen concentration is low.

As described above, the control of the accelerating voltage
enables the formation of the high-concentration nitrogen-
containing regions and the low-concentration nitrogen-con-
taining regions only by the first addition of nitrogen.

After the nitrogen 210 is added to the oxide semiconductor
layer 203, the insulating film 212 is formed to cover the
substrate 200, the base insulating film 202, the oxide semi-
conductor layer 203, the electrodes 204a and 2045, the gate
insulating film 206, and the gate electrode 207. After the
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formation of the insulating film 212, heat treatment is per-
formed. In this embodiment, heat treatment is performed at
450° C.

Next, contact holes which reach the electrode 204a, the
electrode 2045, and the gate electrode 207 are formed in the
insulating film 212. Next, the wiring 213, the wiring 214, and
the wiring 215 which are electrically connected to the elec-
trode 204a, the electrode 2045, and the gate electrode 207,
respectively through the contact holes are formed over the
insulating film 212 (see FIG. 12).

Note that instead of nitrogen, oxygen may be added to the
oxide semiconductor transistor 221 shown FIG. 3A to 3D and
FIG. 12. Even in the case where oxygen is added to the oxide
semiconductor transistor 221 instead of nitrogen, microvoids
are formed; thus, an oxide semiconductor transistor with a
sufficient high on/off ratio can be formed.

[Embodiment 2]

In this embodiment, an oxide semiconductor layer which
can be used in one embodiment of the disclosed invention is
described.

An oxide semiconductor included in the oxide semicon-
ductor layer which can be used in one embodiment of the
disclosed invention preferably contains at least indium (In) or
zine (Zn). In particular, In and Zn are preferably contained. In
addition, as a stabilizer for reducing the variation in electric
characteristics of a transistor using the oxide, the oxide semi-
conductor preferably contains gallium (Ga) in addition to In
and Zn. Tin (Sn) is preferably contained as a stabilizer.
Hafnium (HY) is preferably contained as a stabilizer. Alumi-
num (Al) is preferably contained as a stabilizer.

As another stabilizer, one or plural kinds oflanthanoid such
as lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be
contained.

As the oxide semiconductor, for example, an indium oxide,
a tin oxide, a zinc oxide, a two-component metal oxide such
as an In—Zn-based oxide, a Sn—Zn-based oxide, an
Al—7n-based oxide, a Zn—Mg-based oxide, a Sn—Mg-
based oxide, an In—Mg-based oxide, or an In—Ga-based
oxide, a three-component metal oxide such as an In—Ga—
Zn-based oxide (also referred to as IGZO), an In—Al—Z7n-
based oxide, an In—Sn—Zn-based oxide, a Sn—Ga—Zn-
based oxide, an Al—Ga—Z7n-based oxide, a Sn—Al—Zn-
based oxide, an In—Hf—Zn-based oxide, an In—La—Zn-
based oxide, an In—Ce—Zn-based oxide, an In—Pr—Zn-
based oxide, an In—Nd—Zn-based oxide, an In—Sm—Zn-
based oxide, an In—FEu—Zn-based oxide, an In—Gd—Zn-
based oxide, an In—Tb—Z7n-based oxide, an In—Dy—Z7n-
based oxide, an In—Ho—Zn-based oxide, an In—Er—Zn-
based oxide, an In—Tm—Zn-based oxide, an In—Yb—Zn-
based oxide, or an In—Lu—Zn-based oxide, a four-
component metal oxide such as an In—Sn—Ga—Zn-based
oxide, an In—Hf—Ga—Zn-based oxide, an In—Al—Ga—
Zn-based oxide, an In—Sn—Al—Zn-based oxide, an
In—Sn—Hf—Zn-based oxide, or an In—Hf—Al—Zn-
based oxide can be used.

Note that here, for example, an “In—Ga—Z7n-based
oxide” means an oxide containing In, Ga, and Zn as its main
component and there is no particular limitation on the ratio of
In:Ga:Zn. The In—Ga—Z7n-based oxide may contain a metal
element other than the In, Ga, and Zn.

Alternatively, a material represented by InMO;(Zn0O),,
(m>0 is satisfied, and m is not an integer) may be used as an
oxide semiconductor. Note that M represents one or more
metal elements selected from Ga, Fe, Mn, and Co. Alterna-
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tively, as the oxide semiconductor, a material represented by
In,Sn0O4(Zn0),, (n>0, n is a natural number) may be used.

For example, an In—Ga—7n-based oxide with an atomic
ratio of In:Ga:Zn=1:1:1 (=1/3:1/3:1/3) or In:Ga:Zn=2:2:1
(=2/5:2/5:1/5), or an oxide with an atomic ratio close to the
above atomic ratios can be used. Alternatively, an In—Sn—
Zn-based oxide with an atomic ratio of In:Sn:Zn=1:1:1 (=1/
3:1/3:1/3), In:Sn: Zn=2:1:3 (=1/3:1/6:1/2), or In:Sn: Zn=2:1:5
(=1/4:1/8:5/8), or an oxide with an atomic ratio close to the
above atomic ratios may be used.

However, without limitation to the materials given above, a
material with an appropriate composition may be used
depending on needed semiconductor characteristics (e.g.,
mobility, threshold voltage, and variation). In order to obtain
the needed semiconductor characteristics, it is preferable that
the carrier density, the impurity concentration, the defect
density, the atomic ratio between a metal element and oxygen,
the interatomic distance, the density, and the like be set to
appropriate values.

For example, high mobility can be obtained relatively eas-
ily inthe case of using an In—Sn—Z7n-based oxide. However,
even with an In—Ga—7n-based oxide, mobility can be
increased by reducing the defect density in the bulk.

Note that the case where the composition of an oxide
having an atomic ratio, In:Ga:Zn=a:b:c (a+b+c=1), is in the
neighborhood of the composition of an oxide having an
atomic ratio, In:Ga:Zn=A:B:C (A+B+C=1), means that a, b,
and c satisfy the following relation: (a—-A)*+(b-B)*<r?, and r
may be 0.05, for example. The same applies to other oxides.

The oxide semiconductor may be either single crystal or
non-single-crystal. In the latter case, the oxide semiconductor
may be either amorphous or polycrystal. Further, the oxide
semiconductor may have either an amorphous structure
including a portion having crystallinity or a non-amorphous
structure.

In an oxide semiconductor in an amorphous state, a flat
surface can be obtained with relative ease, so that when a
transistor is manufactured with the use of the oxide semicon-
ductor, interface scattering can be reduced, and relatively
high mobility can be obtained with relative ease.

In an oxide semiconductor having crystallinity, defects in
the bulk can be further reduced and when a surface flatness is
improved, mobility higher than that of an oxide semiconduc-
tor layer in an amorphous state can be obtained. In order to
improve the surface flatness, the oxide semiconductor is pref-
erably formed over a flat surface. Specifically, the oxide semi-
conductor may be formed over a surface with the average
surface roughness (Ra) of less than or equal to 1 nm, prefer-
ably less than or equal to 0.3 nm, more preferably less than or
equal to 0.1 nm.

Note that, R, is obtained by three-dimension expansion of
arithmetic mean deviation so as to be able to apply it to a
plane. The R, can be expressed as an “average value of the
absolute values of deviations from a reference surface to a
specific surface” and is defined by the formula below.

12 2
Ra= o 7 [Tire 0 - zidaay
0Jy1 Jxl

In the above formula, S, represents an area of a plane to be
measured (a quadrangular region which is defined by four
points represented by coordinates (x,, ¥,), (X;, ¥»), (X3, V1),
and (x,,V,)), and Z, represents an average height of the plane
to be measured. Ra can be measured using an atomic force
microscope (AFM).

[FORMULA 1]
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Here, as the oxide semiconductor having crystallinity, an
oxide including a crystal with c-axis alignment (also referred
to as c-axis aligned crystal (CAAC)), which has a triangular
or hexagonal atomic arrangement when seen from the direc-
tion of an a-b plane, a surface, or an interface may be used. In
the crystal, metal atoms are arranged in a layered manner, or
metal atoms and oxygen atoms are arranged in a layered
manner along the c-axis, and the direction of the a-axis or the
b-axis is varied in the a-b plane (the crystal rotates around the
c-axis). An oxide including CAAC is described below.

In a broad sense, an oxide including CAAC means a non-
single-crystal oxide including a phase which has a triangular,
hexagonal, regular triangular, or regular hexagonal atomic
arrangement when seen from the direction perpendicular to
the a-b plane and in which metal atoms are arranged in a
layered manner or metal atoms and oxygen atoms are
arranged in a layered manner when seen from the direction
perpendicular to the c-axis direction.

The CAAC is not a single crystal, but this does not mean
that the CAAC is composed of only an amorphous compo-
nent. Although the CAAC includes a crystallized portion
(crystalline portion), a boundary between one crystalline por-
tion and another crystalline portion is not clear in some cases.

In the case where oxygen is included in the CAAC, nitro-
gen may be substituted for part of oxygen included in the
CAAC. The c-axes of individual crystalline portions included
inthe CAAC may be aligned in one direction (e.g., a direction
perpendicular to a surface of a substrate over which the
CAAC is formed or a surface of the CAAC). Alternatively, the
normals of the a-b planes ofthe individual crystalline portions
included in the CAAC may be aligned in one direction (e.g.,
a direction perpendicular to a surface of a substrate over
which the CAAC is formed or a surface of the CAAC).

The CAAC becomes a conductor, a semiconductor, or an
insulator depending on its composition or the like. The CAAC
transmits or does not transmit visible light depending on its
composition or the like.

As an example of such a CAAC, there is a crystal which is
formed into a film shape and has a triangular or hexagonal
atomic arrangement when observed from the direction per-
pendicular to a surface of the film or a surface of a substrate
over which the CAAC is formed, and in which metal atoms
are arranged in a layered manner or metal atoms and oxygen
atoms (or nitrogen atoms) are arranged in a layered manner
when a cross section of the film is observed.

An example of a crystal structure of the CAAC is described
in detail with reference to FIGS. 8A to 8E, FIGS. 9A to 9C,
and FIGS. 10A to 10C. In FIGS. 8A to 8E, FIGS. 9A to 9C,
and FIGS. 10A to 10C, the vertical direction corresponds to
the c-axis direction and a plane perpendicular to the c-axis
direction corresponds to the a-b plane, unless otherwise
specified. When the expressions “an upper half”” and “a lower
half” are simply used, they refer to anupper half above the a-b
plane and a lower half below the a-b plane (an upper half and
a lower half with respect to the a-b plane). Furthermore, in
FIGS. 8A to 8E, O surrounded by a circle represents tetraco-
ordinate O and O surrounded by a double circle represents
tricoordinate O.

FIG. 8A illustrates a structure including one hexacoordi-
nate In atom and six tetracoordinate oxygen (hereinafter
referred to as tetracoordinate O) atoms proximate to the In
atom. Here, a structure including one metal atom and oxygen
atoms proximate thereto is referred to as a small group. The
structure in FIG. 8A is actually an octahedral structure, but is
illustrated as a planar structure for simplicity. Note that three
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tetracoordinate O atoms exist in each of an upper half and a
lower half in FIG. 8A. In the small group illustrated in FIG.
8A, electric charge is O.

FIG. 8B illustrates a structure including one pentacoordi-
nate Ga atom, three tricoordinate oxygen (hereinafter
referred to as tricoordinate O) atoms proximate to the Ga
atom, and two tetracoordinate O atoms proximate to the Ga
atom. All the tricoordinate O atoms exist on the a-b plane.
Onetetracoordinate O atom exists in each of anupper halfand
alowerhalfin FIG. 8B. An In atom can also have the structure
illustrated in FIG. 8B because an In atom can have five
ligands. In the small group illustrated in FIG. 8B, electric
charge is 0.

FIG. 8C illustrates a structure including one tetracoordi-
nate Zn atom and four tetracoordinate O atoms proximate to
the Zn atom. In F1G. 8C, one tetracoordinate O atom exists in
an upper half and three tetracoordinate O atoms exist in a
lower half. In the small group illustrated in FIG. 8C, electric
charge is 0.

FIG. 8D illustrates a structure including one hexacoordi-
nate Sn atom and six tetracoordinate O atoms proximate to the
Sn atom. In FIG. 8D, three tetracoordinate O atoms exist in
each of an upper half and a lower half. In the small group
illustrated in FIG. 8D, electric charge is +1.

FIG. 8E illustrates a small group including two Zn atoms.
In FIG. 8E, one tetracoordinate O atom exists in each of an
upper half and a lower half. In the small group illustrated in
FIG. 8E, electric charge is -1.

Here, a plurality of small groups form a medium group, and
aplurality of medium groups form a large group (also referred
to as a unit cell).

Now, a rule of bonding between the small groups will be
described. The three O atoms in the upper half with respect to
the In atom each have three proximate In atoms in the down-
ward direction, and the three O atoms in the lower half each
have three proximate In atoms in the upward direction. The
one O atom in the upper half with respect to the Ga atom has
one proximate Ga atom in the downward direction, and the
one O atom in the lower halfhas one proximate Ga atom in the
upward direction. The one O atom in the upper half with
respect to the Zn atom has one proximate Zn atom in the
downward direction, and the three O atoms in the lower half
each have three proximate Zn atoms in the upward direction.
In this manner, the number of the tetracoordinate O atoms
above the metal atom is equal to the number of the metal
atoms proximate to and below each of the tetracoordinate O
atoms. Similarly, the number of the tetracoordinate O atoms
below the metal atom is equal to the number of the proximity
metal atoms above the tetracoordinate O atoms. Since the
coordination number of the tetracoordinate O atom is 4, the
sum of the number of the metal atoms proximate to and below
the O atom and the number of the metal atoms proximate to
and above the O atom is 4. Accordingly, when the sum of the
number of tetracoordinate O atoms above a metal atom and
the number of tetracoordinate O atoms below another metal
atom is 4, the two kinds of small groups including the metal
atoms can be bonded. The reason will be described hereinaf-
ter. For example, in the case where the hexacoordinate metal
(In or Sn) atom is bonded through three tetracoordinate O
atoms in the upper half, it is bonded to tetracoordinate O
atoms in the upper half of the pentacoordinate metal (Ga or
In) atom, tetracoordinate O atoms in the lower half of the
pentacoordinate metal (Ga or In) atom, or tetracoordinate O
atoms in the upper half of the tetracoordinate metal (Zn)
atom.

A metal atom having the above coordination number is
bonded to another metal atom through a tetracoordinate O
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atom in the c-axis direction. In addition to the above, a
medium group can be formed in a different manner by com-
bination of a plurality of small groups so that the total electric
charge of the layered structure is O.

FIG. 9A illustrates a model of a medium group included in
a layered structure of an In—Sn—Zn-based oxide. FIG. 9B
illustrates a large group including three medium groups. Note
that FIG. 9C illustrates an atomic arrangement in the case
where the layered structure in FIG. 9B is observed from the
c-axis direction.

In FIG. 9A, a tricoordinate O atom is omitted for simplic-
ity, and a tetracoordinate O atom is illustrated by a circle; the
number in the circle shows the number of tetracoordinate O
atoms. For example, three tetracoordinate O atoms existing in
each of an upper half and a lower half with respect to a Sn
atom are denoted by circled 3. Similarly, in FIG. 9A, one
tetracoordinate O atom existing in each of an upper half and
alower half with respect to an In atom is denoted by circled 1.
FIG. 9A also illustrates a Zn atom proximate to one tetraco-
ordinate O atom in a lower half and three tetracoordinate O
atoms in an upper half, and a Zn atom proximate to one
tetracoordinate O atom in an upper half and three tetracoor-
dinate O atoms in a lower half.

In the medium group included in the layered structure of
the In—Sn—7n-based oxide in FIG. 9A, in the order starting
from the top, a Sn atom proximate to three tetracoordinate O
atoms in each of an upper half and a lower halfis bonded to an
In atom proximate to one tetracoordinate O atom in each of an
upper halfand a lower half, the In atom is bonded to a Zn atom
proximate to three tetracoordinate O atoms in an upper half,
the Zn atom is bonded to an In atom proximate to three
tetracoordinate O atoms in each of an upper half and a lower
half through one tetracoordinate O atom in a lower half with
respect to the Zn atom, the In atom is bonded to a small group
that includes two Zn atoms and is proximate to one tetraco-
ordinate O atom in an upper half, and the small group is
bonded to a Sn atom proximate to three tetracoordinate O
atoms in each of an upper half and a lower half through one
tetracoordinate O atom in a lower half with respect to the
small group. A plurality of such medium groups are bonded,
so that a large group is formed.

Here, electric charge for one bond of a tricoordinate O atom
and electric charge for one bond of a tetracoordinate O atom
can be assumed to be -0.667 and -0.5, respectively. For
example, electric charge of a (hexacoordinate or pentacoor-
dinate) In atom, electric charge of a (tetracoordinate) Zn
atom, and electric charge of a (pentacoordinate or hexacoor-
dinate) Sn atom are +3, +2, and +4, respectively. Accordingly,
electric charge in a small group including a Sn atom is +1.
Therefore, electric charge of -1, which cancels +1, is needed
to form a layered structure including a Sn atom. As a structure
having electric charge of -1, the small group including two
Zn atoms as illustrated in FIG. 8E can be given. For example,
with one small group including two Zn atoms, electric charge
of one small group including a Sn atom can be cancelled, so
that the total electric charge of the layered structure can be 0.

When the large group illustrated in FIG. 9B is repeated, a
crystal of an In—Sn—Z7n-based oxide (In,SnZn;0;) can be
obtained. Note that a layered structure of the obtained
In—Sn—7n-based oxide can be expressed as a composition
formula, In,SnZn,0,(Zn0),, (m is 0 or a natural number). As
larger m is, the crystallinity of the In—Sn—Z7n-based oxide is
improved, which is preferable.

The above-described rule also applies to the following
oxides: a four-component metal oxide such as an In—Sn—
Ga—Zn-based oxide; a three-component metal oxide such as
an In—Ga—Z7n-based oxide (also referred to as IGZO), an
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In—Al—Zn-based oxide, a Sn—Ga—Zn-based oxide, an
Al—Ga—Zn-based oxide, a Sn—Al—Zn-based oxide, an
In—Hf—Zn-based oxide, an In—La—~Zn-based oxide, an
In—Ce—Zn-based oxide, an In—Pr—Zn-based oxide, an
In—Nd—Zn-based oxide, an In—Pm—~Zn-based oxide, an
In—Sm—Zn-based oxide, an In—FEu—Zn-based oxide, an
In—Gd—Zn-based oxide, an In—Tb—Zn-based oxide, an
In—Dy—Z7n-based oxide, an In—Ho—Zn-based oxide, an
In—FEr—Zn-based oxide, an In—Tm—Zn-based oxide, an

In—Yb—Zn-based oxide, or an In—Lu—Zn-based oxide; a
two-component metal oxide such as an In—Zn-based oxide,
a Sn—7n-based oxide, an Al—Z/n-based oxide, a Zn—Mg-
based oxide, a Sn—Mg-based oxide, an In—Mg-based
oxide, or an In—Ga-based oxide; an In-based oxide, a Sn-
based oxide, or a Zn-based oxide; and the like.

As an example, FIG. 10A illustrates a model of a medium
group included in a layered structure of an In—Ga—Z7n-
based oxide.

In the medium group included in the layered structure of
the In—Ga—Zn-based oxide in FIG. 10A, in the order start-
ing from the top, an In atom proximate to three tetracoordi-
nate O atoms in each of an upper half and a lower half is
bonded to a Zn atom proximate to one tetracoordinate O atom
in an upper half, the Zn atom is bonded to a Ga atom proxi-
mate to one tetracoordinate O atom in each of an upper half
and a lower half through three tetracoordinate O atoms in a
lower half with respect to the Zn atom, and the Ga atom is
bonded to an In atom proximate to three tetracoordinate O
atoms in each of an upper half and a lower half through one
tetracoordinate O atom in a lower half with respect to the Ga
atom. A plurality of such medium groups are bonded, so that
a large group is formed.

FIG. 10B illustrates a large group including three medium
groups. Note that FIG. 10C illustrates an atomic arrangement
in the case where the layered structure in FIG. 10B is
observed from the c-axis direction.

Here, since electric charge of a (hexacoordinate or penta-
coordinate) In atom, electric charge of a (tetracoordinate) Zn
atom, and electric charge of a (pentacoordinate) Ga atom are
+3, +2, 43, respectively, electric charge of a small group
including any of an In atom, a Zn atom, and a Ga atom is 0. As
a result, the total electric charge of a medium group having a
combination of such small groups is always 0.

In order to form the layered structure of the In—Ga—Z7n-
based oxide, a large group can be formed using not only the
medium group illustrated in FIG. 10A but also a medium
group in which the arrangement of the In atom, the Ga atom,
and the Zn atom is different from that in FIG. 10A.

For an In—Sn—7n-based oxide, an oxide target having a
composition ratio of In:Sn:Zn=1:2:2, 2:1:3, 1:1:1, or 20:45:
35 in an atomic ratio is used, for example.

EXAMPLE 1

FIGS. 6A to 6H and FIGS. 7A to 7D each show the relation
between the gate voltage (V) and the drain current (1)) of an
oxide semiconductor transistor in the case where the channel
length [, whether to add nitrogen, and the dose of nitrogen are
changed.

Note that the channel lengths L. of the oxide semiconduc-
tors are 0.35 um, 0.8 um, 3.0 um, and 10.0 um in FIG. 6A,
FIG. 6B and FIG. 7A, FIG. 6C, FIG. 6D and FIG. 7B, FIG.
6E, FIG. 6F and FIG. 7C, FIG. 6G, FIG. 6H and FIG. 7D,
respectively, and the channel width (W) of each of the oxide
semiconductor transistors is 10 pm.

FIGS. 6A, 6C, 6E, and 6G each show the case where
nitrogen is not added to the oxide semiconductor transistor

15

40

45

50

65

16

and heat treatment at 450° C. is performed. FIGS. 6B, 6D, 6F,
and 6H each show the case where nitrogen is added to the
oxide semiconductor transistor with an accelerating voltage
of 10kV and a dose of 1x10** cm ™2 and heat treatment at 450°
C. is performed. FIGS. 7A to 7D each show the case where
nitrogen is added to the oxide semiconductor transistor with
an accelerating voltage of 10 kV and a dose of 5x10"° cm™>
and heat treatment at 450° C. is performed.

As shown in FIGS. 6A to 6F, when the channel length (L)
is short (3.0 pm or less) and the dose is low (1x10'* cm™ or
less), a sufficient on/off ratio cannot be obtained and the drain
current (I ;) does not change even in the case where the gate
voltage (V,) changes. That is, such an oxide semiconductor
transistor does not function as a transistor.

As shown in FIGS. 6A, 6C, and 6H, when nitrogen is not
added, a sufficient on/off ratio of the oxide semiconductor
transistor can not be obtained and the oxide semiconductor
transistor does not function as a transistor.

Further, as shown in FIGS. 6B, 6D, and 6F, when nitrogen
is added but the dose is low (1x10'* cm™?), a sufficient on/off
ratio of the oxide semiconductor transistor can not be
obtained and the oxide semiconductor transistor does not
function as a transistor.

However, as shown in FIGS. 7A to 7C, even in the case
where the oxide semiconductor transistor to which nitrogen is
added with a dose of 5x107° cm™2 has a short channel length,
for example, 0.35 um (see FIG. 7A), a sufficient on/off ratio
can be obtained. That is, the drain current (I ;) changes with a
change in the gate voltage (V). The oxide semiconductor
transistors shown in FIGS. 7A to 7C each function as a tran-
sistor.

FIGS. 6A to 6H and FIGS. 7A to 7D show that the oxide
semiconductor transistor to which nitrogen is added with a
dose of less than 5x10'¢ cm™2, for example, 1x10™* cm™ does
not have a sufficient on/off ratio even in the case where the
channel length (L) is long, for example, 3.0 um. Thus, it is
preferable that the dose of nitrogen be 5x10'° cm ™ or more in
the oxide semiconductor transistor with a short channel
length (L) of, for example, 3.0 um or less.

As described in Embodiment 1, microvoids are formed in
an oxide semiconductor layer when the dose of nitrogen is
5x10'% cm™2 or more. Further, hydrogen from external air or
an insulating film is adsorbed to the inner walls of the micro-
voids in the oxide semiconductor layer; thus, oxygen is not
extracted from the oxide semiconductor layer. An oxide semi-
conductor transistor having the oxide semiconductor layer
whose oxygen is not extracted, can have a sufficient on/off
ratio, and the drain current 1, changes with a change in the
gate voltage V.. That is, the oxide semiconductor transistor
functions as a transistor.

This example shows that one embodiment of the disclosed
invention can have a sufficient on/off ratio even in the case
where the channel length L is short.

EXPLANATION OF REFERENCE

200: substrate, 201: oxide semiconductor transistor, 202:
base insulating film, 203: oxide semiconductor layer, 204a:
electrode, 2045: electrode, 206: gate insulating film, 207: gate
electrode, 208a: region, 208b: region, 209: channel formation
region, 210: nitrogen, 211a: region, 211au: upper layer,
211al: lower layer, 211: region, 211bu: upper layer, 2115/
lower layer, 212: insulating film, 213: wiring, 214: wiring,
215: wiring, 221: oxide semiconductor transistor

This application is based on Japanese Patent Application
serial no. 2011-147520 filed with Japan Patent Office on Jul.
1, 2011, the entire contents of which are hereby incorporated
by reference.
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The invention claimed is:

1. A semiconductor device comprising:

a substrate;

an oxide semiconductor layer over the substrate;

a gate insulating film over the oxide semiconductor layer;

a gate electrode over a channel formation region of the
oxide semiconductor layer with the gate insulating film
provided therebetween;

an electrode provided over a first region of the oxide semi-
conductor layer; and

a second region of the oxide semiconductor layer between
the channel formation region and the first region,

wherein a thickness of the oxide semiconductor layer is
greater than or equal to 20 nm and less than or equal to
100 nm,

wherein the electrode is a source electrode or a drain elec-
trode,

wherein the electrode and the gate electrode do not overlap
the second region of the oxide semiconductor layer,

wherein the second region comprises an upper region in
contact with the gate insulating film and a lower region
between the upper region and the substrate,

wherein the upper region includes a microvoid,

wherein the lower region is an n-type region,

wherein hydrogen in the oxide semiconductor layer is
adsorbed to an inner wall of the microvoid, and

wherein each of the lower region, the first region and the
channel formation region does not include a microvoid.

2. The semiconductor device according to claim 1, wherein
a diameter of the microvoid is larger than or equal to 2 nm and
smaller than or equal to 7 nm.

3. The semiconductor device according to claim 1, wherein
the microvoid is a region which has low density compared
with the surrounding thereof or an empty space.

4. The semiconductor device according to claim 1,

wherein the oxide semiconductor layer contains indium,
gallium and zinc, and

wherein the oxide semiconductor layer comprises crystals
whose c-axes are aligned.

5. A semiconductor device comprising:

a substrate;

an oxide semiconductor layer over the substrate;

a gate insulating film provided over the oxide semiconduc-
tor layer;

a gate electrode over a channel formation region of the
oxide semiconductor layer with the gate insulating film
provided therebetween;

an electrode provided over a first region of the oxide semi-
conductor layer; and

a second region of the oxide semiconductor layer between
the channel formation region and the first region,

wherein a thickness of the oxide semiconductor layer is
greater than or equal to 20 nm and less than or equal to
100 nm,

wherein the electrode is a source electrode or a drain elec-
trode,

wherein the electrode and the gate electrode do not overlap
the second region of the oxide semiconductor layer,

wherein the second region comprises an upper region in
contact with the gate insulating film and a lower region
between the upper region and the substrate,

wherein the upper region contains more nitrogen than each
of the lower region, the first region and the channel
formation region,

wherein the upper region includes a microvoid,
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wherein the lower region is an n-type region,

wherein hydrogen in the oxide semiconductor layer is
adsorbed to an inner wall of the microvoid, and

wherein each of the lower region, the first region and the
channel formation region does not include a microvoid.

6. The semiconductor device according to claim 5, wherein
the concentration of nitrogen in the upper region of the second
region is 1x10*! cm™ or more.

7. The semiconductor device according to claim 5, wherein
a diameter of the microvoid is larger than or equal to 2 nm and
smaller than or equal to 7 nm.

8. The semiconductor device according to claim 5, wherein
the microvoid is a region which has low density compared
with the surrounding thereof or an empty space.

9. The semiconductor device according to claim 5,

wherein the oxide semiconductor layer contains indium,
gallium and zinc, and

wherein the oxide semiconductor layer comprises crystals
whose c-axes are aligned.

10. A semiconductor device comprising:

a substrate;

an oxide semiconductor layer over the substrate;

a gate insulating film provided over the oxide semiconduc-
tor layer;

a gate electrode over a channel formation region of the
oxide semiconductor layer with the gate insulating film
provided therebetween;

an electrode provided over a first region of the oxide semi-
conductor layer; and

a second region of the oxide semiconductor layer between
the channel formation region and the first region,

wherein a thickness of the oxide semiconductor layer is
greater than or equal to 20 nm and less than or equal to
100 nm,

wherein the electrode is a source electrode or a drain elec-
trode,

wherein the electrode and the gate electrode do not overlap
the second region of the oxide semiconductor layer,

wherein the second region comprises an upper region in
contact with the gate insulating film and a lower region
between the upper region and the substrate,

wherein the upper region has a maximum value of nitrogen
concentration in the second region,

wherein the upper region includes a microvoid,

wherein the lower region is an n-type region,

wherein hydrogen in the oxide semiconductor layer is
adsorbed to an inner wall of the microvoid, and

wherein each of the lower region, the first region and the
channel formation region does not include a microvoid.

11. The semiconductor device according to claim 10,
wherein the concentration of nitrogen in the upper region of
the second region is 1x10*! cm™ or more.

12. The semiconductor device according to claim 10,
wherein a diameter of the microvoid is larger than or equal to
2 nm and smaller than or equal to 7 nm.

13. The semiconductor device according to claim 10,
wherein the microvoid is a region which has low density
compared with the surrounding thereof or an empty space.

14. The semiconductor device according to claim 10,

wherein the oxide semiconductor layer contains indium,
gallium and zinc, and

wherein the oxide semiconductor layer comprises crystals
whose c-axes are aligned.
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